Film dosimetry is an important tool for the verification of irradiation techniques. The shape of the sensitometric curve depends on the type of film as well as on the irradiation and processing conditions. Existing data concerning the influence of irradiation geometry on the sensitometric curve are conflicting. In particular the variation of optical density, OD, with field size and depth in a phantom shows large differences in magnitude between various authors. This variation, as well as the effect of beam energy and film plane orientation on OD, was therefore investigated for two types of film, Kodak X-Omat V and Agfa Structurix D2. Films were positioned in a solid phantom, either perpendicular or ͑almost͒ parallel to the beam axis, and irradiated to different dose levels using various photon beams ͑Co-60, 6 MV, 15 MV, 18 MV, 45 MV͒. It was found that the sensitometric curves of the Kodak film derived at different depths are almost identical for the four x-ray beams. For the Kodak film the differences in OD with depth are less than 2%, except for the Co-60 beam, where the difference is about 4% at 10 cm depth for a 15 cm ϫ 15 cm field. The slope of the sensitometric curve of the Agfa film is somewhat more dependent on photon beam energy, depth and field size. The sensitometric curves of both types of film are almost independent of the film plane orientation, except for shallow depths. For Co-60 and for the same dose, the Kodak and Agfa films gave at dose maximum an OD lower by 4% and 6%, respectively, for the parallel compared to the perpendicular geometry. Good dosimetric results can be obtained if films from the same batch are irradiated with small to moderate field sizes ͑up to about 15 cm ϫ 15 cm͒, at moderate depths ͑up to about 15 cm͒, using a single calibration curve, e.g., for a 10 cm ϫ 10 cm field.
I. INTRODUCTION
Film dosimetry is an attractive method to derive and/or verify dose distributions in phantoms or to perform quality control tests of radiation beams ͑e.g., correspondence between light field and actual treatment field, field flatness and field symmetry͒. In recent years a renewed interest in film dosimetry has arisen in response to the need for verifying dose distributions resulting from advanced irradiation techniques such as applied in intensity-modulated radiotherapy.
The main problem in using radiographic film as a dosimeter is the dependence of its sensitivity, i.e., the ratio of optical density ͑OD͒ and delivered dose, on ͑a͒ photon beam energy; ͑b͒ film plane orientation with respect to beam direction; ͑c͒ emulsion differences amongst films of different batches, films of the same batch or even in the same film; ͑d͒ processing conditions; ͑e͒ type of densitometer. The most problematic and least avoidable variable is the photon energy spectrum, which, for a given beam quality, may change with both depth in phantom and field size due to the variation in beam hardening and phantom scatter. The variables ͑c͒, ͑d͒ and ͑e͒ can be minimized or eliminated entirely with appropriate calibration ͑e.g., specific to the film batch, processing conditions and densitometer͒.
A number of groups have studied the influence of these parameters on the sensitometric curve ͑net optical density versus dose͒ of the most commonly applied type of film, Kodak X-Omat V ͑XV2͒ ͑Table I͒. As can be seen from this survey of previously published data, there are many discrepancies among the results. For example, measurements made by Sykes et al. 8 for a field size of 25 cm ϫ 25 cm showed that the increase in film sensitivity at 15 cm compared with that at 5 cm depth amounts to 4%, whereas Burch et al. 9 observed a 12% increase for identical irradiation conditions using the same nominal 4 MV beam.
Also discrepancies in the magnitude of the effect of film orientation with respect to beam incidence can be noticed. For instance, Burch et al. 9 observed no significant difference in optical densities due to film orientation, while Suchowerska et al. 10 showed on the other hand that films exposed parallel to the beam axis had a measured over-response of about 15% at 25 cm depth in a phantom for a 10 cm ϫ 10 cm field in a 6 MV and Co-60 beam. In addition to Kodak XV-2 film, Williamson et al. 1 presented also sensitivity data of the Kodak RPM-2 ͑type M͒ film, measured in a 4 MV beam ͑of unspecified dimensions͒ for normal and parallel film exposure as a function of depth. While the parallel exposure data demonstrate a continuously increasing over-response with depth, up to 40% at 25 cm depth, the perpendicular exposure yielded a maximum overresponse of only 10% at about 17 cm depth. At greater depths the film sensitivity for perpendicular irradiation decreased again and became even lower than for parallel exposure.
Obviously, published data, both on parallel and perpendicular film exposure, show large variations in their depth and field size dependence of the sensitivity while also the type of photographic film emulsion has a large effect.
The sensitometric curve variation with field size and depth in the phantom is due to the over-response of the film emulsion by photoelectric absorption of low energy photons ͑energy less than 300 keV͒ arising from scattering of the primary photons in the phantom. For small field sizes and for photon beams with qualities above 4 MV, this dependence is not so strong ͑e.g., see Robar and Clark 4 ͒. On the other hand, for large field sizes and low photon beam energies, the film sensitivity increases with depth due to the increase of low energy photons contribution.
These conflicting data on depth and field size dependence of the film sensitivity as well as the differences in properties between different types of films, lead us to a further investigation of the sensitometric curve of two types of films, Kodak X-Omat V and Agfa Structurix D2 in the following called just ''Kodak'' and ''Agfa.'' Our purpose in this work is to provide additional information on sensitometric curves of Kodak and Agfa films, determined under a large variety of clinically relevant conditions, but excluding more extreme situations such as large field sizes and large depths. Dosimetric studies of Agfa film ͑Agfa-Gevaert Structurix D2͒ were earlier performed by Marinello and Sliwinski 11 and
Ambonville and Marinello. 12 The latter authors demonstrated that if the sensitometric curves were normalized to a specific optical density, a single curve independent of the depth in the phantom could be obtained. Since those conclusions were based on measurements in a Co-60 beam, we decided to repeat and to extend the investigation of the Agfa film to higher photon beam energies ͑6 MV and 15 MV͒. The studies of the two types of film were performed separately in two different countries and at different time intervals, using the available units and materials. For each film type, the same procedure was maintained during the investigation, minimizing as many variables as possible. The two film studies are presented together since, for both types of film, we investigated the variation of the sensitometric curve with photon beam energy, depth, field size and film plane orientation. 
II. MATERIALS AND METHODS

A. Photographic films
The Kodak X-Omat V film is a commonly applied relatively low-speed film. The emulsion is coated on both sides of the plastic base. The electron micrographs of the Kodak film presented by Cheng and Das 13 show the nonuniformity of the silver halide crystals, which are of tubular grain type. The advantage of such a tubular type emulsion is its rapid processing, while for a cubic type of emulsion a longer processing time is required as described by Haus and Jaskulski.
14 The Kodak film can be irradiated to high doses up to 2 Gy, reaching an optical density equal to 3, without being saturated. Its sensitometric curve is in general curved ͑concave downward͒.
The Agfa Structurix D2 film is an industrial x-ray film ͓Agfa Structurix NDT System Manual ͑Morstel: AgfaGevaert N V 1998͔͒. The emulsion coating on both sides of the film base is split into two layers. Such a division increases the uniformity of cubic grain distribution over the coating area and results in uniform densities. The emulsion coating is covered by an anti-stress layer to provide high resistance to pressure, scratching and creasing.
B. Irradiation conditions
The Kodak films were irradiated in three different Greek hospitals and afterwards processed and measured at the University Hospital of Patras, Greece. Four different photon beams were used: ͑a͒ a Co-60 beam from an Alcyon unit ͑General Electric͒; ͑b͒ a 6 MV beam from an RX 6 Linear Accelerator ͑Philips͒; ͑c͒ an 18 MV beam from a Therac 20 Saturne Linear Accelerator ͑General Electric͒; and ͑d͒ a 45 MV beam from a Betatron ͑Brown Boveri Corporation͒. For each of the photon beams, the films were irradiated to different doses covering the range from 0.2 Gy to about 2 Gy. The field size employed for each photon beam was 15 cm ϫ 15 cm at the phantom surface. In addition, for the 6 MV beam, fields of 10 cm ϫ 10 cm and 20 cm ϫ 20 cm were applied, to investigate the influence of field size on the sensitometric curve.
The Agfa films were irradiated, processed and measured at the Institut Curie, Paris, France. Photon beams were generated by ͑a͒ a Co-60 unit ͑Alcyon, General Electric͒; ͑b͒ a 6 MV beam from a Clinac 2300 C/D Linear Accelerator ͑Varian͒; and ͑c͒ a 15 MV beam from a Saturne 41 Linear Accelerator ͑General Electric͒. All films were irradiated up to a dose of 0.8 Gy. The field sizes employed for each photon beam were 5 cm ϫ 5 cm, 10 cm ϫ 10 cm and 20 cm ϫ 20 cm at the surface of the phantom.
For both the Kodak and Agfa films, the SSD was 100 cm for all beams produced by the accelerators and 80 cm for the Co-60 units.
In order to check the manufacturing consistency of film emulsion, films from the same and from different batches were used and their corresponding sensitometric curves were established and compared.
C. Phantoms
For the Kodak films, a ''Presdwood'' or ''Masonite'' or ''Hardboard'' phantom ͑density 0.965 g/cm 3 ) was built and used. This material consists mainly of compressed byproducts of wood and it is commercially available at low prices in the form of large sheets. The Agfa films were irradiated in a solid phantom made of polystyrene slabs ͑density 1.04 g/cm 3 ). For both phantoms four blocks of 38 cm ϫ 38 cm and of different thickness were made to form a stack of 30 cm in total height.
D. Experimental set-up
First set-up: ''perpendicular geometry''
Packed in a lightproof paper envelope, each film was cut and sealed along the open edge by black plastic adhesive tape to be protected from light. In this way, a smaller number of films was used while at the same time, the film intervariability was minimized. The air pockets were removed by pressing slightly the film envelope prior to sealing. The film pieces were placed at three levels between the blocks, as shown in Fig. 1͑a͒ . It was assumed that the attenuation of the beam by the film was negligible. The central axis of the beam was perpendicular to the surface of the stack and passes through the center of the four blocks and the center of the films. The dose at each film level was determined from data at the corresponding depth in g/cm 2 derived from tables based on ionization chamber measurements in water. 
Second set-up: ''parallel geometry''
To investigate the effect of film plane orientation with respect to the beam, the arrangement of ''parallel geometry,'' shown in Fig. 1͑b͒ , was applied for all four photon beams ͑Co-60, 6 MV, 18 MV and 45 MV͒ for the Kodak films. Each film was sandwiched between the two slabs of 15 cm thickness of the ''Presdwood'' phantom and irradiated with the central axis parallel to and at 1.5 cm above the film.
For the Agfa film, the central axis of the photon beam had an angle of 2°with respect to the film plane. The distance of 1.5 cm or the 2°inclination were chosen in order to avoid any penetration of unattenuated primary beam through the plane between the two blocks and to eliminate the effect of any air pockets, in spite of the pressure exerted by placing heavy blocks on top of the stack, which was about 30 g/cm 2 . For every irradiation, the film's edge at the beam entrance to the phantom was first detected and marked on the paper sheet and then aligned with the phantom's surface. The excess of paper envelope extending beyond the film and phantom was folded over and attached to the outer side of the phantom by adhesive tape.
E. Processing conditions and measuring instruments
The Kodak films were irradiated over a one-week period, during which the irradiated films were stored in a cool and dry place. At the end of the irradiation period, all films, including one, which was not irradiated, were processed under the same conditions using an automatic film processor ͑Cronex® T5 A͒ at a temperature of 33°and 90 s processing time. During the course of processing, the temperature readout was within Ϯ1%. Film processing was only performed if the temperature was stabilized to 33°Ϯ0.3°.
Novotny et al. 15 have shown that a decrease in optical density of about 3% ͑for a dose of 0.45 Gy͒ and 1.8% ͑for a dose of 1.5 Gy͒ was observed per month of delay between film irradiation and film processing. It was therefore assumed that the errors in our procedure induced by time fading were less than 1%.
The Agfa films were manually processed immediately after each irradiation, preserving the same developing conditions, each time. Initially, the containers were emptied and thoroughly cleaned after which they were filled with new solutions of developer and fixer. The first processing was done two days later, to allow for stabilization of the new solutions. The most important factors in manual developing are the temperature and the time. A variation of 1°C in the processor's temperature can induce a variation of 12% in the optical density of the Agfa film, while a variation of 1 min in the developing time induces a variation of 15% in the optical density ͑Marinello and Sliwinski
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͒. The films were developed for 4 min in the Kodak LX 24 solution. Then they stayed for 1 min in a stopping bath ͑water͒, 5 min in the fixer solution ͑Kodak AL 4͒, 5 min in the washing water tank and more than 6 hours in the air to dry. The temperature of the developer, fixer and water were always checked before and after processing and regulated to 20°.
The Agfa films were manually developed at Institut Curie because the usual ''medical'' automatic processors cannot develop this type of film. However, these films can also be automatically processed using Agfa Structurix processors that are applied in industrial radiography. These processors have a standard processing time of 8 min ͑immersion time developer/fixer/water of 100/100/100 s͒ and a processing temperature of 28°C for both the developer and the fixer. Although manual processing is labor intensive and time consuming, it offers an easy control of the temperature, the homogeneity of the solutions and the processing time.
The optical densities of the Kodak films were measured with an X-Rite 331 densitometer having a tungsten halogen bulb as a light source ͑2 mm aperture͒, while those of the Agfa films were measured with a Wellhöfer WP 102 densitometer having an infrared diode as a light source ͑0.8 mm aperture͒. Both densitometers measure in the 0-4 optical density range. They were calibrated before each measurement by using their own calibration film, provided by the manufactures. The Wellhöfer WP 102 densitometer presented an almost perfect linearity. The signal-vs-OD curve was linear within 1% for optical densities up to 3.5. It should be noted that part of the discrepancy between published sensitometric curves may arise from variation in the response of densitometers. The net optical density will depend on the type of light source and/or calibration of the film scanner and more information about the effect of the type of densitometer and light source on the shape of the sensitometric curve is needed.
III. RESULTS
Figures 2 and 3 show the sensitometric curves for the Kodak and Agfa films, perpendicularly irradiated by a 15 cm ϫ 15 cm field and 10 cm ϫ 10 cm field, respectively, in different photon beams ͑Co-60, 6 MV, 15 MV, 18 MV and 45 MV͒. In general, the sensitometric curves of the Kodak film are concave downward ͑Fig. 2͒, while those of the Agfa film are straight lines ͑Fig. 3͒.
For the Kodak film, the optical density differences at depth are small, less than 2% for the three x-ray beams. For the Co-60 beam the difference is slightly larger and amounts to 3.7% at 9 g/cm 2 depth ͑see Fig. 2͒ . Figure 3 shows that for Agfa films irradiated by Co-60, and for any value of dose, the optical density measured at 5 cm and 10 cm was about 3% and 7%, higher, respectively, than at the depth of maximum dose (d max ).
For a dose of 0.4 Gy, the normalized optical density of the Agfa film is for the largest field size strongly deviating from the values for the other field sizes ͑Fig. 4͒. The data have been normalized to the optical density for the 10 cm ϫ 10 cm field at 5 cm depth. The largest difference has been observed for the Co-60 beam at 10 cm depth and amounts to 26% and 15% compared with a 5 cm ϫ 5 cm and 10 cm ϫ 10 cm field, respectively.
The influence of the field size on the sensitometric curves derived at d max , for the 6 MV photon beam ͑perpendicular geometry͒ is shown in Fig. 5 . For the Kodak film, the optical density varies less than 1%, when the field size changes from 10 cm ϫ 10 cm to 20 cm ϫ 20 cm. For the Agfa film the optical density is about 3% higher for the 20 cm ϫ 20 cm field compared to that of the 10 cm ϫ 10 cm field. Figure 6 shows the optical density at different depths in the phantom both for the parallel and perpendicular geometry for the various photon beams. The largest differences in optical density between the two film orientations occur at the depth of maximum dose for the Co-60 beam. At this depth, for the same dose and for the parallel geometry, the Kodak and Agfa films give an optical density lower by 4% and 6%, respectively, compared to that for the perpendicular geometry. These differences become smaller if the depth increases and become negligible for depths larger than 5 cm. The same result was observed for all five photon beams.
The influence of beam attenuation by the film was checked by placing two films parallel to the beam axis at distances of 0 and 1. respect to the curve derived at 0 cm shows a deviation of about 3% at the depth of maximum dose ͑1.5 cm͒ for the 1.5 cm displacement and 2°inclination. The difference between the curves with the 2°inclination with respect to the 1.5 cm displacement is within the experimental uncertainty ͑less than 2%͒. It is assumed that the small variation in photon spectrum at 1.5 cm distance from the central plane has a negligible effect on the film response.
In order to determine the reproducibility of the sensitometric curves, seven Kodak films of the same batch were irradiated on the same day with a dose of 1 Gy with a photon beam of 6 MV. Four films were processed at equal intervals in one day yielding a reproducibility of OD values better than 1% ͑1 SD͒. The three other films were processed every two days and a standard deviation of 5% was observed.
The variation of response due to the batch origin was determined by measuring sensitometric curves of films from two different batches and irradiated in the 6 MV photon beam. No appreciable difference ͑less than 2%͒ in optical density between the two sets of data was observed for both the Kodak and Agfa films. It should be noted that these results reflect only differences between two batches and might be larger if other batches, e.g., bought at a different time, would have been tested.
IV. DISCUSSION
Any cross sectional radiograph taken in a solid phantom constitutes an immediate, permanent, detailed and visually impressive record of dose distribution. Small differences in optical density between two neighboring points can easily be depicted while they are hardly discovered by other methods ͑TLD or ionization chamber measurements͒. The final step in converting optical density into the desired quantitative dose distribution requires, however, caution.
Film measurements can be used for the determination of relative or absolute dose distributions. If a suitable calibration curve is available, then in principle absolute dose values are obtained if the film sensitivity is identical for all films. If, however, a considerable dependence of film sensitivity on depth, field size and film plane orientation would exist, then the conversion of OD to dose is not a simple procedure. For the determination of relative dose distributions the same arguments are, however, valid. The use of a single calibration curve will only give correct dose values in those points of the film having similar irradiation conditions as applied during calibration, i.e., are coupled to an ionization chamber measurement.
Our main finding in this study is that for small to moderate field sizes ͑up to about 15 cm ϫ 15 cm͒ and moderate depths ͑up to about 15 cm͒ no considerable variation in film sensitivity has been observed during perpendicular exposure for both types of film ͑Table II͒. Only for the Co-60 beam these effects are non-negligible. For instance, a 3% and 7% increase in sensitivity with depth has been measured for the Kodak ͑15 cm ϫ 15 cm field͒ and Agfa ͑10 cm ϫ 10 cm field͒ film, respectively. These observations are in agreement with those of Sykes et al., 8 who noticed no depth dependence for a 6 cm ϫ 6 cm field and a 4% effect for a 25 cm ϫ 25 cm field of a 6 MV beam for the Kodak film. Although difficult to compare in a quantitative way, also the data of Robar and Clark 4 show a low depth dependence for a typical radiosurgical field ͑2.5 cm diameter͒ of a 6 MV beam. Our data do not support the strong depth dependence of the sensitivity as observed by Williamson et al., 1 Burch et al. 9 and Suchowerska et al. 10 for moderate field sizes. Robar and Clark 4 found only at doses above about 0.8 Gy that the OD increase with depth was considerable ͑larger than 10% for a 20 cm ϫ 20 cm field͒. These groups irradiated, however, their films parallel to the beam axis. Differences in the film exposure technique might therefore be responsible for at least part of the observed discrepancies.
The ratio of low energy scattered photons to primary photons increases with depth and field size, except for very small fields. Because the film emulsion is more sensitive to low energy photons, the sensitivity of film will increase with depth for larger field sizes. This effect is large for the measurements in the Co-60 beam for the Agfa film ͑Fig. 4͒. For the other photon beams, this increase is smaller for the Agfa film and much smaller for the Kodak film, e.g., about 2% for a 15 cm ϫ 15 cm field ͑Fig. 2͒. At d max , the OD is almost independent of field size for the Kodak film and shows small changes for the Agfa film ͑Figs. 4 and 5͒. At other depths the field size dependence is larger for the Agfa film ͑Fig. 4͒. The small depth dependence for the 15 cm ϫ 15 cm field and the lack of field size dependence at d max suggest that the field size dependence of the Kodak X-Omat V film might also be small at other depths. This assumption has, however, to be confirmed by additional data. Burch et al. 9 observed a much stronger depth and field size dependence of film sensitivity. For that reason these authors proposed to include thin lead foils parallel to the film plane.
Another important finding of our study is that the ratio of parallel and perpendicular response is almost unity except in the region around dose maximum where the sensitivity for parallel response is about 4% lower for all energies. Our results are in agreement with the data provided by Robar and Clark, 4 who observed a maximum discrepancy between sensitometric curves obtained with film positioned parallel and perpendicular to the central beam axis of 1.5% at 10 cm depth in a phantom. On the other hand these findings are different from the large increase in response of parallel relative to perpendicular geometry as observed both experimentally and theoretically by Suchowerska et al. 10 In their theoretical model these authors assumed that for film exposed parallel to the central axis of the beam, more dose will be due to photon interactions in the film than in the case of perpendicular exposed films. Our results presented in Fig. 6 show indeed a slight increase with depth of the relative optical density of parallel to perpendicular exposed film if normalized at d max which would be in reconciliation with the theory of Suchowerska et al. 10 This observation also suggests that the orientation dependence does not result from attenuation by the emulsion. The lower response for parallel exposure observed in our study, must, however, originate from another source. One possible reason might be the difference in experimental set-up in both sets of experiments. In our parallel geometry, we applied either a 1.5 cm distance or 2°inclination of the central beam axis with the film plane, which might not be applied in the experiments performed by Suchowerska et al. 10 More research is needed to understand in a quantitative way the difference in sensitivity of films irradiated with the beam axis normal or parallel to the plane of the film.
If film dosimetry is applied to investigate dose distributions at depths larger than 5 cm, then the use of one calibration curve for field sizes smaller than 10 cm ϫ 10 cm obtained under parallel exposure ͑inclined by a few degrees or displaced by a small distance with respect to the central beam axis͒ is a good procedure for the investigated filmtypes. Compared to perpendicular irradiation, the parallel geometry has the practical advantage that a sensitometric curve can be obtained through a few film irradiations.
The sensitometric curve of the Agfa film is characterized by a linear behavior up to a dose of approximately 0.8 Gy followed by an abrupt saturation. A similar linear shape of the sensitometric curve has been observed by Cheng and Das 13 for another type of film ͑CEA TVS͒. For these types of film, the density to dose conversion is easy and accurate and does not require any nonlinear fitting. The sensitometric curves of the Agfa film are slightly dependent on photon beam energy. The Kodak film, compared to the Agfa film, is ''slower,'' i.e., less sensitive to radiation. This property might become quite important if one film is used to verify IMRT techniques for which the number of MUs for subfields cannot be reduced. The sensitometric curve of the Kodak film is curved ͑concave downward͒ and is almost independent of photon beam energy ͑6 MV, 18 MV and 45 MV͒ except for lower energy photons ͑Co-60͒.
Both types of sensitometric curves, linear and nonlinear, are in principle ''absolute'' conversion curves. The conversion from optical density to dose requires a good reproducibility of processing in such a way that the same optical density is always exactly associated with the same dose. The observed reproducibility at various days indicate that it is necessary to process all films of a specific experiment always at the same time under well-controlled conditions in order to achieve a high dosimetric accuracy.
It should be noted that part of the discrepancy between published sensitometric curves may arise from variation in the response of densitometers. The net optical density will depend on the type of light source and/or calibration of the film scanner and more information about the effect of the type of densitometer and light source on the shape of the sensitometric curve is needed.
V. CONCLUSIONS
In this study we observed, for all x-ray beams employed, only a small change in sensitivity with field size and depth for two types of film. Also the difference in sensitivity between parallel and perpendicular exposure was small except in the region of dose maximum. It can be concluded that good dosimetric results can be obtained if films from the same batch are irradiated with small to moderate field sizes ͑up to about 15 cm ϫ 15 cm͒, at moderate depths ͑up to about 15 cm͒, using a single calibration curve, e.g., for a 10 cm ϫ 10 cm field. More work is needed to predict quantitatively how film sensitivity varies as a function of depth and field size for both parallel and perpendicular exposure and the reasons for the conflicting data presented in the literature. 
